Carrier generation based on sub-bandgap two-photon absorption is used to perform three-dimensional mapping of the single-event transient response of the LM124 operational amplifier. Three classes of single-event-induced transients are observed for the input transistor Q20. A combination of experiment and transistor level modeling is used to assign the different classes of measured transients to charge collection across specific junctions. The largeamplitude, positive-going transients can not be assigned to a single junction, and are identified with a collector-substrate photocurrent.
(no optical absorption) at low light intensities. At sufficiently high intensities, however, the material can absorb two photons to generate a single simultaneously electron-hole pair [ ]. Because carrier generation in 10]-[13 the two-photon process is proportional to the square of the laser pulse intensity, significant carrier generation occurs only in the high-intensity focal region of focused laser the beam [ ], [12] , [13] 10 . This charge injection at any enables depth in the structure, permitting both three-dimensional mapping of the SEE sensitivity of a device and backside illumination of circuits fabricated on silicon wafers.
The two-photon absorption technique offers interesting possibilities for the study of analog single-event transient (ASET) phenomena in linear bipolar circuits. Preliminary measurements [10] on transistor Q20 of the LM124 quad operational amplifier using the TPA technique reveal a complex dependence of the induced transient on the depth profile of the deposited charge. In what follows, we utilize the two-photon technique to investigate the complicated dependence of the single-event transient response of the LM124 quad operational amplifier on depth, position, and deposited charge.
II. TWO-PHOTON INDUCED SEE
Details of the two-photon induced SEE technique are described in detail in [10] . Briefly, the primary expression responsible for carrier generation in a semiconductor material is,
in which is the pulse irradiance (in ), is the M [ Î -7 R # density of free carriers, is the linear (Beer's Law) ! absorption coefficient, is the two-photon absorption " # coefficient that is proportional to the imaginary part of ; Ð$Ñ (the third-order nonlinear-optical susceptibility), is the D depth in the material, and is the photon energy [12] , [13] . h= In (1) the first term describes linear (Beer's Law) absorption by a pulse propagating in the material; the second describes two-photon absorption, where the factor of two in the denominator accounts for the generation of one electronhole two absorbed photons pair for every . The complete description of carrier generation and pulse propagation in a semiconductor material is a complex function of pulse intensity and phase, and requires the solution of a set of coupled differential equations, and is discussed elsewhere [10] Þ
The diagnostic characteristic of above-bandgap, singlephoton excitation is the exponential decrease in carrier density as a function of depth in the material [1] , [10] . While this characteristic leads to well defined reproducible conditions for charge injection in the material, it precludes the possibility of carrier injection at a controlled depth. Conversely, when two-photon absorption is the primary means of carrier generation, the optical loss and penetration depth can be deterministically manipulated. A key feature of the two-photon mechanism: because carrier generation is proportional to the square of the laser pulse intensity, the generated carriers are highly concentrated in the highirradiance region near the focus of the beam. For a material that is transparent to the incident radiation, the high irradiance region can be directed to any depth in the material by translation of the device under test (DUT) with respect to the focusing element. This characteristic makes threedimensional mapping possible with the two-photonabsorption technique. For high purity silicon in the subbandgap region of the spectrum ( > 1.15 m the linear -. Ñ absorption coefficient, , is negligible and only the second ! term on the right-hand-side of (1) is significant.
III. EXPERIMENTAL
The TPA SET experimental setup is illustrated in Fig.  1 . The SET experiments at wavelengths below the silicon bandgap are performed using an amplified titanium sapphire laser system (Clark-MXR CPA 1000) that pumps a tunable optical parametric amplifier (OPA) that produces 120 fs optical pulses at 1.26 m with about 70 J of energy per . . pulse. The strong IR beam is attenuated and passed through a waveplate-polarizer combination to precisely control the pulse energy incident on the device under test (DUT). The DUT is mounted on a motorized stage with 0.1 BCD .m resolution, and the optical pulses are focused onto the DUT with a 100x microscope objective resulting a nearGaussian diameter of 1.6 m at focus [10] . All experiments .
are performed at room temperature (295K). The DUT is imaged with a silicon CCD camera and monitor. Since the 1.26 m light is not detected by the silicon CCD array, a . weak beam at the second harmonic (630 nm) of the signal wavelength was propagated (nearly) collinear with signal beam and used as a guide to image the specific device location irradiated with the sub-bandgap IR beam. When a sensitive spot is located, the visible beam is removed using a Schott RG850 long-pass filter. The pulse energy incident on the DUT is monitored with a large-area InGaAs photodiode (PD1). All experiments were performed with the LM124 operated in an inverting configuration with a gain of 20, with an 11 pF FET probe connected to the output (V 6V, V 6V, and V 60 mV). " .
IV. CIRCUIT SIMULATIONS
Computer simulations were performed on a transistorlevel model of the LM124 operational amplifier using a SPICE circuit simulator. The circuit model has undergone an extensive and meticulous micromodeling for ASET investigations and analyses [14] : the extraction of detailed circuit layouts from high-resolution circuit photomicrographs, followed by their translation into SPICE input net lists, was complemented by laboratory electrical measurements and transistor parameter calibrations. The probing of chip test patterns from each major type of transistor (vertical NPNs, lateral and substrate PNPs) and the individual modeling of complex circuit elements (decoupled from the rest of the circuit using a focused ion beam), provided a complete set of transistor libraries, and resulted in a circuit model that accurately reproduced typical performance specifications stated by the IC manufacturer.
In addition to the electrical calibrations, calibration of the LM124 circuit micromodels to the 590 nm laser ASET measurements was necessary to realistically take into account the unique transient effects introduced by SET current pulses. This was accomplished by refining various parameters, such as the transistor junction capacitances, variations of which have a sensitive effect on the ASET response of the simulated circuit. Initial mismatches between laser experiments and simulations were corrected by the inclusion of parasitic elements, such as collector-tosubstrate junctions, transistor terminal spreading resistances, and transmission line loading conditions (to reproduce as closely as possible the experimental setup of cables and probe capacitances).
The exposure of the LM124 circuit to the 590 nm laser pulses was simulated by placing a time-dependent current source inside the circuit model and injecting current pulses across targeted junction nodes. The amount of charge collected at a given node (time integral of the current pulse) could be adjusted by varying the amplitude and the length of the photocurrent pulse (which was kept well below the microsecond response time of the circuit).
Given the intricate geometry of the structure under investigation, and the complexity of the SET response that it exhibits, it is unreasonable to expect from a lumped parameter SPICE circuit simulator to quantitatively model three-dimensional effects. However, SPICE circuit simulations can help with the qualitative interpretation of test data by allowing insight into the SET response of individual junctions (of which contributions to the overall SET response of the transistor are very difficult to decouple experimentally). For a more precise quantitative analysis of the physical phenomena taking place in the device, full three-dimensional device simulations will be required. 
V. RESULTS AND DISCUSSION
We have investigated the depth dependence of the TPA induced single-event transient (SET) response at numerous locations of transistor Q20 of the National Semiconductor LM124 operational amplifier. Fig. 2 shows a partial schematic diagram of the input differential stage of the LM124, and Fig. 3 shows photomicrograph of transistor Q20 with the relevant features labeled. A schematic representation of the cross section of Q20 is shown in Fig. 4 ; the buried layer extends to approximately 30 m below the . surface of the device.
The input transistors of the LM124 differential stage (Q18 and Q20) have identical structures, characterized by a split-collector configuration [15] : each well contains two lateral PNP transistors in parallel, sharing the same base and emitter but with two distinct collectors (C1 is associated to Q20a while C2 is associated to Q20b). The smaller collector (C1) is connected to other transistors through metalizations while C2, with a large annular-shaped form, wraps around the emitter and is connected through the p isolation to the + substrate (which is grounded in this study).
The purpose of this split-collector design is to induce a controlled degradation of the differential input stage transconductance ( ). This method allows a reduction of 1 7 the IC die area through aggressive scaling of the compensating capacitor ( ) size, without degrading the Goverall frequency response of the circuit ( being the Gsingle largest component in internally frequencycompensated operational amplifiers such as the LM124). The degradation of could be achieved by reducing 1 7 the current (since ), but any important M 1 oe; MÎ 5 X / 7 / reduction of this input stage biasing current will cause phase margin and stability issues due to existing mirror and tail poles. So instead of reducing , a large portion of the M / current is collected by C2 and simply "thrown away" by being redirected to the grounded substrate. With reduced 1 7 by the desired factor (a function of the C2 and C1 perimeter ratio), can now be scaled by the same factor, keeping the Gresponse of the LM124 unchanged:
where is the operational frequency of the circuit. = Preliminary TPA SET measurements on Q20 reveal a complex dependence on the charge deposition profile [10] . Those measurements reveal that for an ion strike on Q20 the SET can be either positive or negative (with positive saturation observed), depending on the charge distribution in the device. In what follows we investigate the SET response of Q20 as a function of both vertical ( ) and lateral D ( ) position and as a function of the incident laser pulse BC irradiance. The different locations discussed in this BC report are indicated as white dots in Fig. 3 . In what follows we divide the results into "high-irradiance" and "lowirradiance" subsets. 
A. High-Irradiance TPA Measurements
In the "high-irradiance" measurements the laser pulse energy was adjusted such that positive saturation is observed for most locations over some range of " " values (depths). D The range of saturation varies with location, providing BC insight into the mechanisms associated with the SETs in Q20.
The very complex behavior of the SET response as a function of the charge deposition depth is illustrated in the data of Fig. 5 . These data are for position 5 ( ., Fig. 3 ), for cf which the laser pulse grazes the edge of the C1 collector well. In this figure the curves are labeled according to the depth parameter, , with corresponding to the surface D Doe! of the DUT. Positive -values correspond to focus locations D in the semiconductor material below the surface of the device, and negative values to focus locations above the surface of the device (in the air or passivation layers). For example, the schematic laser track labeled "5" in Fig. 4 corresponds to excitation at position 5 with 0. Because D oe the confocal parameter of the beam is approximately 10 m, . for sufficiently intense optical pulses, carriers can be generated in the top layers of the device even when the focal position is located outside the device.
For charge deposition localized near the surface of the device ( ), the transients of Fig. 5 exhibit a negative D  ! amplitude. This result is consistent with earlier measurements using above-band-gap pulsed laser excitation and ion-microbeam measurements with 40 MeV Cl ions [8] , which both selectively deposit charge in the top few micrometers of the device. This result suggests that the negative-going transients observed for near-surface excitation can be identified with charge collection across the collector-base junction.
As the focus is translated into the device ( 0), the D  SETs exhibit a change in polarity and a significant increase in both amplitude and pulse width. For the data of High-irradiance measurements also were performed for locations 6, 7, 8, and . The results for locations 6 and are " " qualitatively similar to those of Fig. 5 , and are not shown here. Figure 6 shows the high-irradiance results for location 8, which passes directly through the base diffusion. The results are similar to those of Fig. 5 , with two exceptions. First, the saturation range for the positive transients is reduced significantly from that observed in the data of Fig. 5 and, second, the qualitative signature of the near-surface negative-going transients is different from that of Fig. 5 . In particular, in Fig. 5 the transient for 6 exhibits a D oe  sharp initial rise and a double-peaked signature, whereas the analogous transient for the data of fig. 6 exhibits only a single peak with a slower rise-time and a triangular shape. The distinguishing fact relevant to this observation appears to be that locations 5, 6 , and are all located in the " immediate vicinity of the C1 diffusion, whereas location 8 is well removed from C1. This observation, taken with the near-surface nature of the transients, the reinforces suggestion that the double-peaked, negative-going transients are associated with charge collection across the C1-base junction. This tentative conclusion is supported by the lowirradiance measurements and circuit simulation results presented below. Distinctly different behavior is observed for location 7, which passes through the collector C2 and grazes the p + isolation region . For this location, the observed transients (Fig. 6 ) are positive-valued for all " " values; the SET D amplitude for 10 is quite small; and the positive polarity D  transients never attain saturation. The behavior observed for location 7 is unique for the SET response of Q20, and is limited to the region adjacent to the p isolation nearest to + transistor Q18. To address the origin of this peculiar behavior we have performed position-dependent studies using 590 nm above-band-gap irradiation. Those studies reveal a continuous variation in the SET from the edge of Q20 to collector C1 of the adjacent Q18, and suggest that the positive-valued transient at location 7 is the result of a parasitic interaction with transistor Q18. In Fig. 8 the SET amplitude of the data of Figs. 5 7  are plotted as a function of the " " position. This D representation illustrates clearly the positive and negative regions of the SET response, and reveals the differences between the SET response of the different locations. Figure  8a illustrates the clear distinctions between the SET amplitude behavior for locations 5 and 7. Figure 8b compares the amplitude data of location 8 to that of location 5. As is evident, the qualitative trends are similar to those for location 5, but the negative pulses are of much smaller amplitude, and the saturation region is much narrower.
B. Low-Irradiance TPA Measurements
The data of Figs. 5-8 were obtained with sufficiently high laser pulse irradiances that saturation was readily attained. As such, these data illustrate the full range of SETs produced in Q20 as a result of ionizing radiation. In what follows we interrogate further the origins of the various SET waveforms by performing vertical ( ) and lateral ( ) D B C studies using pulse energies below the threshold necessary to trigger the positive-going transient. Using lower pulse energies (pulse irradiances) permits a precise interrogation of the different junctions responsible for the SET response of Q20. D . Figure 9 shows a vertical " " scan for location 9, which D is centered on the C1 diffusion. For excitation localized near the surface (small values) the transient exhibits the double-D peaked characteristic noted above: a very fast initial rise and decay followed by a delayed peak, the maximum of which varies with the excitation conditions. Once the signal passes its maximum amplitude ( 8 m), however, this sharp D oe . initial spike is gradually reduced in amplitude, becoming negligible for values greater than 12 m. The results of D . Fig. 9 are consistent with charge collection by the C1-base junction for excitation localized near the surface, and charge collection by the base-buried layer high-low junction when the charge is selectively deposited below the surface in the vicinity of this junction.
In Fig. 10 similar low-irradiance measurements are performed at location 10, which is well removed from the C1 diffusion. The results are distinctly different from those of Fig. 9 ; the sharp, fast rise-time feature is notably absent from the SETs of this data set for all values. Evident is the D triangular waveform noted with regard to the data of Fig. 6 . The data of Fig. 10 illustrate very small amplitudes for nearsurface excitation. As the -value is increased, the single-D event transient increases in amplitude to a depth of just greater than 6 m. At this point the SET amplitude is . effectively unchanged until 12 m, after which the D oe . amplitude decreases steadily. The center of gravity of this broad maximum is at a depth of 9 m, consistent with the . location of the base-buried layer high-low junction illustrated in Fig. 4 , and indicative of charge collection across this junction. . The results of Figs. 9 and 10 provide clear evidence for assignment of the two classes of negative-going transients to charge collection across specific junctions. The fact that the positive-going transient can be eliminated for all values at D sufficiently low pulse energies suggests further that this signal contribution does not arise as the result of charge collection involving a single junction. One possible origin of the positive voltage contribution that is consistent with both the known structure of the device ( ., Figs. 3 and 4) , and the cf experimental data, is the generation of a C1-substrate "shunt" that becomes significant at sufficiently high carrier densities. This possibility is investigated further with circuit simulations as described below.
Because collector C2 is tied to the substrate (through the p isolation) it should be possible to generate SET + behavior similar to that of the scans by performing lateral D ( ) scans between the C1 and C2 diffusions near the BC surface of the device. This possibility is investigated for two different locations in Figs. 11 and 12 . Figure 11 illustrates this effect for SETs generated at locations , , and between the C1 and C2 diffusions for a ! " # D value of 5 m. When the laser spot is located close to the . C2 diffusion, the slow-rise, triangular shaped transient that is characteristic of the deeper base-buried layer junction is observed. As the laser spot is moved toward the C1 diffusion the fast-rise initial spike grows in, with the characteristic double-peaked transient of the C1-base junction being evident when the spot is located adjacent to the C1 diffusion.
Similarly, Fig. 12 shows the behavior of the measured SET as the laser spot is moved from the edge of C2 near the p isolation toward the C1 diffusion (locations 1-5). The + trend is similar to that of Fig. 11 . For charge deposition adjacent to the C2 diffusion the triangular pulse shape is observed. As the laser spot is moved toward the C1 diffusion initially there is little change, but as C1 is approached, the double-peaked transient characteristic of C1-base charge collection is observed. former is negative and the latter positive, reflecting the differences in deposited charge for the two different excitation conditions. In contrast, the low-irradiance data of Fig. 12 agree well with the 6 data of Fig. 5 , D oe  consistent with similar charge deposition for the two cases.
C. Circuit Simulation
Circuit simulations on the full Q20 structure have been performed for the various junctions as a function of the collected charge. Below we show results for the C1-base, base-substrate, and C1-substrate (C1-C2) shunt. Given the complexity of the SET response of this device, it is unreasonable to expect a circuit simulation to exhibit quantitative agreement with the experimental data; full three-dimensional device simulation will be required in that case. Here, circuit simulations are used to will provide insight into the SET mechanisms of Q20.
Both the C1-base and base-substrate junctions give rise to negative-going transients at low to intermediate values of the collected charge, consistent with the experimental data. Figure 13 shows the simulation results for the C1-base junction. These data exhibit the double-peaked characteristic of the experimental transients consistent with the assignment of the double-peaked experimental transients to charge collection across the C1-base junction. The transients of Fig.  13 are not identical to those of Figs. 4, 9, 11 and 12, but exhibit the key qualitative features. We note that the sharp "spike" that is evident in the experimental data is extremely sensitive to the output capacitance, and a broadening similar to that of Fig. 13 has been observed when a low-capacitance scope probe is not used [17] . This effect will be addressed in future work. The results for C2-base (substrate-base) photocurrents are illustrated in Fig. 14. For low values of the collected charge the negative-going transients exhibit the slow rise and triangular shape identified in Fig. 9 12 and, for low  values of the deposited charge, the simulation results agree quite well with the experimental data. Of particular significance is the lack of the fast-rise-time "spike" that is identified with a C1-base photocurrent. At higher values of the collected charge the C2-base transient goes positive, and eventually saturates at very high values of the collected charge. Experimentally, using 590 nm above-band-gap laser pulses, the positive-going transients can be saturated (depending on the location) with approximately 35 pC of deposited charge, a value that is significantly lower than that of the simulation results. Investigation into the origin of the positive-going transient suggests, in this case, that high values of injected charge tend to forward bias the emitterbase junction, turning the transistor more "on" (note: Q20 is already "on" in normal operation).
We have also investigated the transients induced for a C1-substrate (C1-C2) "shunt". As is evident in the data of Fig. 15 , the C1-substrate transients are positive going even at very low values of the deposited charge (except for an initial negative glitch in the largest amplitude transients), and exhibit the qualitative characteristics associated with the experimental results. At low values for the collected charge the experimental and simulated results exhibit good agreement. Like the C2-base results described above, however, the charge necessary to induce saturation is associated with unreasonably large values of the collected charge. The experimental data for charge injection into Q20 reveal a clear competition between the negative-going transients, that are unambiguously identified with charge collection across specific junctions, and the positive-going transients, that are less dependent on the specific charge deposition location. This competition depends in a sensitive fashion of the quantity of deposited charge. Since both C2-base and C1-C2 photocurrents give rise to a positive-going response at sufficiently high values of the collected charge, the results of Figs. 14 and 15 do not provide an unambiguous interpretation of the origin of this response. However, because the C1-C2 shunt mechanism gives rise to a positive-going response at significantly lower values of the collected charge ( 2 pC vs. 30 pC), the simulation results  suggest that the C1-C2 shunt is the most likely candidate to account for the experimental results. Three-dimensional device simulations may be necessary to resolve this issue.
VI. CONCLUSIONS
The two-photon method represents a novel approach to SET evaluation that provides insights that are not accessible with other techniques. The results presented in this summary reveal the strength of this technique for interrogating the single-event transient response of linear bipolar technologies. The results illustrate the complexity of the response of this linear bipolar technology to the effects of ionizing radiation, and reveal a complex dependence of the SET output as a function of the charge deposition profile. The experimental results reveal two distinct classes of negative-going transients in the device. Those results, in conjunction with circuit modeling considerations, provide definitive assignments associated with the C1-base and C2-base (base-substrate) junctions, respectively. At sufficiently high values of the deposited charge (which is proportional to LET), the experimental results reveal large amplitude, positive-valued transients with widths approaching 15 s.
. Similar transients are observed with deeply penetrating high-LET ions [16] . While neither the experimental measurements nor the circuit simulations, in this case, provide an unequivocal assignment for this transient, the most likely assignment is a collector-substrate (C1-C2) shunt. Three-dimensional device simulations may be required to resolve this issue completely.
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